Our aims were to investigate the influence of subclinical ketosis (SCK) on physical 24 activity at estrus using a neck accelerometer device and on future reproductive performance. 25
Two hundred and three Holstein-Friesian cows were studied on three dairy farms in 26
Northwest England between September 2013 and March 2014. Seventeen per cent (35 of 27 203) of the enrolled cows were affected with SCK between 7 and 21 days in milk (DIM), 28 defined as a blood β-hydroxybutyrate (BHBA) concentration of 1.2 to 2.9 mmol/L. Time to 29 event analyses and multivariable regression analyses were used to assess the impact of SCK 30 on reproductive performance and activity at estrus. The SCK cows exhibited a lower peak 31 activity (measured as the number of standard deviations above mean activity) and shorter 32 duration in activity clusters associated with first estrus and first insemination post-partum, 33 compared to non-SCK cows. Peak activity and cluster duration associated with the 34 insemination that led to a pregnancy were not different between SCK and non-SCK cows. 35
Calving to first estrus, calving to first insemination and calving to pregnancy intervals were 36 prolonged in SCK cows. First insemination was 4.3 times (95% confidence interval = 1.6 to 37 15.0) less likely to be successful in SCK cows compared to non-SCK cows. Adjusted mean 38 number of inseminations per pregnancy was 2.8 for SCK cows and 2.0 for non-SCK cows. 39
The current study confirms the long-lasting effects of SCK on reproductive efficiency. 40
Furthermore, it is indicated that physical activity around estrus is reduced by SCK in early 41 lactation but this negative effect appears to diminish as cows progress through lactation. In early lactation all dairy cattle undergo a period of negative energy balance (NEB), 47 metabolic stress and a degree of body condition loss due to mobilisation of body reserves in 48 response to increased energy requirements for lactogenesis (Drackley, 1999; Herdt, 2000) . A 49 delayed increase in dry matter intake (DMI), genetic selection for greater milk production, 50
and inappropriate diets can further augment the duration and magnitude of NEB (van 51 gold standard diagnostic test for SCK is the measurement of BHBA in serum, plasma or 61 whole blood, as it is more stable than acetone or acetoacetate (Duffield et al., 1998; Oetzel, 62 2004) . It is considered normal to have increased ketone bodies due to the natural metabolic 63 response to the increase in energy demand in early lactation. However, post-partum blood 64 concentrations of BHBA above certain cut-off levels have been associated with poor 65 reproductive performance, reduced milk yield and increased risk of displaced abomasum 66 (McArt et al., 2013) . A blood BHBA of 1.2 to 2.9 mmol/L has been described to identify 67 cows with SCK and values ≥ 3.0 mmol/L indicate clinical ketosis (Oetzel, 2004 The effect of NEB during early lactation on later reproductive performance is well 70 documented acting via disruption of the hypothalamus-pituitary-ovary axis (Butler, 2003) . 71
Both the duration and magnitude of NEB have been associated with increased concentrations 72 of growth hormone and decreased concentrations of insulin and insulin like growth factor; 73 directly reducing follicular competence and its response to circulating gonadotrophins (Lucy, 74 2001; Butler, 2003) . Furthermore, NEB has been linked with delaying and reducing the 75 magnitude of the LH surge resulting in delayed resumption of luteal activity, increased 76 incidence of cystic ovarian disease and a lower probability of pregnancy to first insemination 77 (Opsomer et al., 2000; Ospina et al. 2010; McArt et al. 2012) . 78
In the modern high yielding dairy cow, estrus detection and thus submission rates to 79 insemination have decreased (Dobson et al., 2007) . This is attributed to shorter periods of 80 estrus with fewer behavioral signs exhibited together with a lower serum estradiol 81 concentration, the major stimulus for estrus behavior (Lopez et al., 2004) . Lameness, high 82 somatic cell count, low body condition score and high milk production can have detrimental 83 effects on dairy cow fertility, reducing the release of GnRH thus resulting in reduced LH 84 pulsatility which depresses estradiol production and disrupts estrus behavior (Dobson et al., 85 2007 ). However, the negative impact of NEB on estrus expression has not been investigated; 86 it has been postulated that NEB leads to reduced pre-ovulatory estradiol concentrations 87 resulting in poor estrus expression (Lucy, 2000) . 88
Increased activity has been shown to be associated with periods of estrus; activity 89 monitors (accelerometers or pedometers) have recorded increases from 200 to 400% in 90 animals exhibiting primary and secondary signs of estrus (Nebel et day milk yield of 9,786 kg (ranging from 9,846 to 10,136 kg). All three farms operated an all 110 year round calving pattern and cows were milked twice daily. The early lactation cows that 111 were eligible for the study were housed in free stalls throughout the year and fed a partial 112 mixed ration supplemented with in-parlour concentrate feeding according to milk yield. 113
Cows ranging from first to eighth parity were enrolled into the study. For analysis 114 purposes cows were subsequently categorised in three parity groups: Group 1 for primiparous 115 animals, Group 2 for second parity animals, and Group 3 for animals in their third or greater 116 parity. Eligible cows were between 7 and 21 DIM with no previous episodes of lameness or 117 mastitis since calving. Each farm was visited weekly whereby the cows' reproductive tracts 118 were examined at the time of enrollment by palpation per vaginam and rectal ultrasound 119 were found to have blood BHBA concentration from 1.2 to 2.9 mmol/L were considered to 129 have SCK (Oetzel, 2004) . These cows were not treated and farmers were blinded to our 130 measurements. However, cows found to have blood BHBA concentration ≥ 3 mmol/L were 131 considered to be clinically affected, were treated per farm protocol, and were not enrolled in 132 our study. 133
Each cow was fitted with a neck accelerometer collar at enrollment. Mean individual 134 cow activity was monitored and downloaded via infrared telemetry located in the milking 135 parlour in two-hour blocks to the Heatime control box. The mean activity of an individual 136 cow was generated from the equivalent two-hourly block from the previous eight days. The 137 intervention level to indicate an activity cluster (potential estrus episode) was set at the 138 manufacturer's default setting of a value ≥ 5 SD above the mean weighted activity for a 139 minimum of 2 consecutive 2 hour blocks. Peak activity was measured in SD above the mean 140 activity but a maximum of 15 SD could be recorded by the software version supplied (PC 141
Heatime Monitor v4.51). The duration of each activity cluster was measured in hours and 142 defined as the time interval between the first and last 2 hour period of increased activity 143 above 5 SD. 144 
Statistical Analysis 163
Data were analysed using JMP Pro 11 (SAS Institute Inc., Cary, NC). Mixed effects 164 multivariable regression models were built in order to assess the association between SCK 165 and each activity cluster duration or peak activity for the first estrus, estrus that led to the first 166 insemination, and estrus that led to pregnancy. Activity cluster duration and SD above mean 167 peak activity were continuous outcome variables. The following independent variables were 168 entered into the model as fixed effects: diagnosis of SCK at 7 to 21 DIM (0/1), a categorical 169 (1 = first observed estrus, 2 = estrus that led to the first insemination, 3 = estrus that led to 173 pregnancy) was also offered in the models. Additionally, the random effect of the cow nested 174 within farm was fitted in the models. Variables were removed from the models manually in a 175 stepwise manner and only variables with P < 0.05 were kept in the final model. The Akaike's 176 information criterion (AIC) was used to evaluate models' goodness of fit. 177
Cox proportional hazard analysis with right censoring was originally used in order to 178 explore the effect of SCK on the intervals from calving to first observed estrus, from calving 179 to first insemination and from calving to pregnancy. Potential confounding variables offered 180 to these models were: parity, RFM, farm, dystocia, metritis and VLD. None of these 181 confounding variables were found to be important (P > 0.05) with the exception of an effect 182 of metritis on the interval from calving to pregnancy. However, removing metritis from the 183 model did not change the hazard ratio estimates for SCK. In addition, Cox proportional 184 hazard analysis exploring the effect of SCK on the interval from calving to pregnancy 185 suggested a significant SCK with parity interaction. Therefore simpler, Kaplan-Meier time to 186 event analyses with right censoring were eventually used to explore the effect of SCK on the 187 intervals from calving to first observed estrus, from calving to first insemination and from 188 calving to pregnancy. Analysis for the effect of SCK on the interval from calving to 189 pregnancy was conducted for each different parity group separately. Overall, subclinically ketotic cows, compared to non-SCK cows, were active for 211 shorter periods of time (least square mean ± SE of 10.7 ± 0.7 and 12.5 ± 0.3 h respectively, P 212 = 0.02) and had a lower peak activity at estrus (least square mean ± SE of 9.3 ± 0.5 and 14.3 213 ± 0.2 SD increase at mean activity respectively, P < 0.001). The interaction between SCK 214 and each different event (first observed estrus, estrus that led to the first insemination, estrus 215 that led to pregnancy) suggested that SCK cows exhibited lower peak activity and shorter 216 duration in activity clusters associated with first observed estrus compared to non-SCK cows. 217
Additionally, SCK cows exhibited lower peak activity in activity clusters associated with the 218 estrus that led to the first insemination compared to non-SCK cows. The least square means 219 F o r P e e r R e v i e w 10 for cluster duration and peak activity in non-SCK and SCK cows associated with first 220 observed estrus, estrus leading to first insemination and estrus leading to pregnancy are 221 presented in Figure 1 . 222
Kaplan-Meier time to event analysis with right censoring showed that cows with SCK 223 identified at 7 to 21 DIM had a delayed interval from calving to first observed estrus 224 compared with non-SCK cows, Figure 2 . In addition, the calving to first insemination interval 225 and the calving to pregnancy interval were prolonged in SCK cows, Figure 3 and Figure 4A , 226 respectively. Kaplan-Meier time to event analysis exploring the effect of SCK on the interval 227 from calving to pregnancy was also conducted for each different parity group separately. 228 Subclinical ketosis did not have an effect on the interval from calving to pregnancy in 229 primiparous cows (median of 98 and 108 for non-SCK cows and SCK cows respectively, P = 230 0.69). However, the interval from calving to pregnancy was prolonged in SCK second parity 231 cows, and in SCK cows in their third or greater parity, Figure 4B and Figure 4C , respectively. 232
By the end of March 2014, 180 of the animals (88% of the non-SCK cows and 91% of 233 the SCK cows) had been inseminated and 168 were diagnosed as pregnant (95% of non-SCK 234 cows and 84% of SCK cows that were inseminated). First insemination was 4.3 times (95% 235 CI = 1.6 to 15.0) less likely to be successful in SCK cows compared to non-SCK cows. All 236 the other variables examined were not found to be associated with pregnancy risk at first 237
insemination. 238
Adjusted mean number of inseminations per pregnancy (± SE) was 2.8 ± 0.3 for SCK 239 cows and 2.0 ± 0.1 for non-affected with SCK ones (P <0.05). Dystocia was found to affect 240 number of inseminations per pregnancy with adjusted mean number of inseminations per 241 pregnancy (± SE) being 2.7 ± 0.3 for cows that had dystocia comparing to 2.0 ± 0.1 for cows 242 that did not have dystocia. Presence or absence of VLD, and the presence or absence of a CL 243 at 21 -28 DIM were not associated with SCK. 244 lactation has a profound effect on cluster duration and mean peak activity at first observed 278 estrus and estrus leading to first insemination. This negative effect appears to diminish as 279 cows progress through lactation. The cluster duration and mean peak activity increase in the 280 estrus leading to pregnancy in SCK cows were comparable to that of non-SCK cows. 281
In addition, estrus cluster duration and mean peak activity increase in SCK cows did 282 not seem to improve until over 100 DIM; the underlying mechanisms behind this are not fully 283 clear. One interpretation is that for the cow to establish a pregnancy the physiology of the 284 animal needs to progress to a state of positive energy balance whereby DMI is matching 285 metabolic demands. Only then can the cow fully express behavioral estrus, evident as normal 286 cluster duration and mean peak activity increase. It is likely this return in normal estrus 287 behavior is directly related to estradiol production; a recent study by Morris NEB with these follicles exhibiting reduced sensitivity to circulating LH leading to reduced 296 estradiol production. If the compromised follicles reach dominance, ovulate and are fertilised 297 they exhibit a reduced ability to cleave into a blastocyst and when coupled with poor CL 298 formation and function, thus increasing the chance of embryo death (Leroy et al., 2006) . 299
Further research is required to fully understand which body systems are involved and how 300 they interact to reduce physical activity at estrus in SCK cows. (2007) established that SCK cows were 20 to 50% less likely to be pregnant at first 317 insemination; these findings are in concurrence with our study's findings. We also report here 318 that SCK cows take longer to establish a viable pregnancy than non-SCK cows. This is in 319 a delay in return to cyclicity due to reduced GnRH and LH pulsatility which is essential for 322 follicular development and ovulation (Butler, 2003) . Interestingly, SCK in our study had a 323 more profound effect on the interval from calving to pregnancy in multiparous cows, with 324 SCK cows in their third or greater parity requiring 63 more days to establish a pregnancy 325 comparing to non-affected third or greater parity cows. 326
CONCLUSION 327
The current study confirms the long-lasting effects of SCK on reproductive efficiency. 328
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